. Evolution of D(DS a ) as a function of the ageing time at 120°C for the investigated steel treated for: (a) 1 min at T H ϩ24 h at 270°C or (b) 15 min at T H ϩ24 h at 270°C, cold-rolled (eϾ80 %) and then aged for different times at 120°C.
Introduction
During the manufacture of steel sheets, nitrogen may precipitate either during the coiling following the hotrolling step or during the recrystallization annealing performed after cold-rolling. The control of the nitrogen content remaining in solution after these different operations is of major interest as this content is likely to influence the formability and the mechanical properties of the produced sheet due to the possible interactions between the interstitial and substitutional atoms in solution and to the strain ageing phenomena which may occur after annealing.
In this context, the aim of the present work is to define precisely the conditions of the chromium nitride formation in a cold-rolled ULC steel with about 40 ppm of nitrogen and 0.7 % Cr. For this study, several precipitation states of nitrogen were obtained by different thermal treatments aimed at simulating the precipitation which may occur either during the coiling or during the annealing. In order to characterise these states and to determine the nitrogen content remaining in solution after each treatment condition, thermoelectric power (TEP) measurements 1) were used. A specific methodology, based on these measurements and on the results described in, 2, 3) was employed: it uses the segregation of the nitrogen atoms in solution to the dislocations introduced in the steel by cold rolling. Internal friction (IF) measurements and transmission electron microscopy (TEM) observations were also performed on the steel.
Material and Thermal Treatments
The present work is based on the study of a ULC steel which was prepared in laboratory by ARCELOR Research S.A. Its chemical composition is given in Table 1 . This steel contains about 0.7 % Cr and less than 0.001 % Al, so that at high temperature, nitrogen can only precipitate with chromium to form CrN nitrides (the structure of which is cubic (f.c.c.) with a lattice parameter a equal to 0.414 nm 4) ). After elaboration, the processing conditions of the steel were chosen such that all the nitrogen atoms are kept in solution. The steel was first reheated at a high temperature (1 250°C). It was then hot-rolled in the austenitic domain (between 1 200°C and 900°C) before being rapidly cooled by aqua quench to 580°C and then air cooled to avoid nitrogen precipitation. Lastly, the steel was cold-rolled (with a 75 % reduction ratio) to produce sheets 0.5 mm thick.
To determine the conditions of the CrN formation, the steel was submitted to different thermal treatments which are given in Table 2 . These treatments can be divided into two categories: (i) those of type A (TA treatments) and (ii) those of type B (TB treatments).
All these treatments are characterised by a high temperature holding which was performed between 600°C and 850°C in salt baths (for the treatment times of 1 min) or under vacuum (for the treatment times of 15 min). This holding was conducted either in one step (TA treatments) or in two steps (TB treatments). Its aim was to put all the carbon atoms of the steel in solid solution and to precipitate part or all of the nitrogen atoms in solution in the form of CrN nitrides. The nitrogen content in solution in the extra-mild steel sheets used in automotive or packaging industry after the different steps of their processing plays an important role both on the formability of the sheets and on their ability for strain ageing. This is why, the aim of the present work is to determine the conditions of the chromium nitride formation in a cold-rolled ULC steel with 0.7 % Cr. In order to simulate the precipitation which may occur during the coiling or during the recrystallization annealing of the sheets, the investigated steel was submitted to different thermal treatments at temperatures ranging from 600 to 850°C. Then, the nitrogen content remaining in solution was evaluated after having defined a specific procedure based on thermoelectric power (TEP) measurements and using the segregation of the nitrogen atoms in solution to the dislocations introduced in the steel by cold-rolling. It was shown that the maximum precipitation speed is obtained at 650°C and that the precipitation is considerably delayed when the steel was recrystallized before the treatment.
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In the case of the TA treatments, the cold-rolled steel was treated directly at the temperature of interest (T H ). As a consequence, this type of treatments is representative of the precipitation which may occur in the steel during a recrystallization annealing and may lead to an interaction between the CrN precipitation and the recrystallization.
In the case of the TB treatments, the steel was pre-treated for 1 min at 800°C before being reheated at the temperature of interest (T H ). The role of the pre-treatment at 800°C was to obtain, before the treatment at T H , a fully-recrystallized state for which all the nitrogen atoms of the steel are in solution. This is why, a short treatment time at 800°C was chosen in order to avoid the precipitation of nitrogen in the form of CrN nitrides. Consequently, after this pre-treatment, all the carbon and nitrogen atoms of the steel are expected to be in solution in a recrystallized a-iron matrix. This second situation is thus representative of the precipitation which may take place in the steel during the coiling following the hot-rolling step.
After the high temperature treatment, all the steel samples were submitted to a 24 h treatment at 270°C aimed at precipitating most of the carbon atoms in solution in the steel in the form of iron carbides. However, all the carbon atoms cannot be eliminated from the solution after this treatment. About 13 ppm of carbon are expected to be kept in solution, as can be deduced from previous works 5) which showed that the residual carbon content at 270°C (C res ) is controlled by the manganese content of the steel.
Experimental Procedure
In order to determine the nitrogen content remaining in solution after the thermal treatments defined in Table 2 , an experimental protocol based on thermoelectric power (TEP) measurements was used. Internal friction (IF) measurements were also carried out in order to ascertain the results deduced from the TEP measurements. Lastly, transmission electron microscopy (TEM) observations were conducted in order to compare the nitrides formed in different precipitation states of the steel. The TEP technique 1) is based on the measurement of the voltage (DV) generated at the two junctions of the steel sample to be studied with two pure iron blocks, the temperatures of which are T and TϩDT. In this work, the TEP measurements were performed at room temperature on an apparatus for which Tϭ15°C and DTϭ10°C. This apparatus 6) gives the relative TEP (S) of the steel with respect to the TEP of pure iron. It can be defined as follows:
This relative TEP is affected by the different types of defects present in the steel and can be written as follows: Figure 1 shows the experimental procedure used in this work. After having submitted the investigated steel to the thermal treatments defined in Table 2 , the steel samples were deformed by cold-rolling with a reduction ratio higher than 80 %. They were then aged for different times t at 120°C so that the interstitial atoms in solution segregate to the dislocations. After each treatment time, the TEP of the samples was measured at room temperature and the difference between the TEP of the steel strain aged for a time t at 120°C (S A (t)) and the TEP of the cold-rolled steel (S A (t 0 )ϭ S e ), noted DS a , was evaluated. As long as no recovery phenomena take place in the steel, this TEP variation is assumed to be representative of the segregation of the interstitial atoms in solution to the dislocations. Taking into account the fact (shown in Ref.
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2) and recalled in Fig. 2 ) that the effect of the interstitial atoms in solution on the TEP disappears when they are segregated to the dislocations, one can deduce that the value of DS a measured at time t is directly proportional to the amount of interstitial atoms which left the solid solution to segregate to the dislocations. In the present case, in the different initial states of the steel obtained after the treatments defined in Table 2 , a given nitrogen content ([N ss ]) is in solution and coexists with a residual carbon content ([C res ]) of the order of 13 ppm as deduced from previous works. 5) As a consequence, the value of DS a at time t can be written as follows:
where [N seg ] t and [C seg ] t are the amounts of nitrogen atoms or of carbon atoms segregated to the dislocations at time t.
For the longest ageing times at 120°C (tՆ1 000 s), recovery phenomena can take place in the steel, so that the value of DS a at time t has to be rewritten in the following manner: 2) where:
DS rec (t) is the TEP variation induced by the recovery phenomena. As an example, Fig. 3 shows two curves (denoted C1 and C2) giving the evolution of DS a as a function of the ageing time at 120°C for two different initial states of the steel. These curves take into account the segregation of the interstitial atoms (C and N) in solution to the dislocations and also the recovery phenomena which can occur in the steel. Due to these phenomena, the curves are not characterised by a final stabilisation and present for the longest ageing times a continuous linear increase.
In order to extract from the preceding curves the contribution due to the segregation of the nitrogen atoms of the steel to the dislocations, the contribution due to the segregation of the residual carbon atoms and that due to the recovery phenomena have to be subtracted from each curve. These two contributions are assumed to be identical whatever the initial state of the steel (i.e. its carbon and nitrogen content in solution). This assumption is supported by the fact that it was shown in Ref. 3 ) that the effect of the recovery on the TEP kinetics does not depend on the interstitial content in solution of the steel. In these conditions, a reference curve reflecting the segregation of the residual carbon atoms and the recovery phenomena has to be defined. As this reference curve is expected to be used to eliminate from each curve the contribution due to these two phenomena, it can only be associated with a microstructural state of the steel for which all the nitrogen atoms of the steel were removed from the solid solution by an appropriate precipitation treatment. As will be shown hereafter, a treatment of "15 min at 650°Cϩ24 h at 270°C" allows the nitrogen atoms to be completely eliminated from the solid solution by precipitation in the form of CrN nitrides. As a consequence, the curve giving the evolution of DS a for the steel treated "15 min at 650°Cϩ24 h at 270°C" is representative of the segregation of the residual carbon atoms in solution to the dislocations and of the recovery phenomena. It thus can be used as reference curve. Figure 3 shows the kinetics obtained when the reference curve (C2 curve) is subtracted from the curve of the steel treated for "1 min at 800°Cϩ24 h at 270°C" (C1 curve). This kinetics (C3 curve) has a typical sigmoidal shape and is characterised by a final stabilisation obtained between 10 4 and 10 5 s at 120°C. It gives the evolution of D(DS a (t)) as a function of the ageing time where:
According to the preceding considerations, the C3 curve is thus representative of the segregation of the nitrogen atoms in solution in the steel treated for "1 min at 800°Cϩ24 h at 270°C". Indeed, this curve does not take into account the influence of the residual carbon and that of the recovery phenomena which were suppressed by subtraction.
At the end of the segregation reached after a time ranging between 10 4 and 10 5 s at 120°C, one can consider that all the nitrogen atoms initially in solution have left the solid solution to segregate to the dislocations, as the dislocation density introduced in the steel by cold-rolling (with a reduction ratio higher than 80 %) is high enough to trap all the nitrogen atoms. This is supported by the works presented in Ref. As a consequence, for a given microstructural state of the steel obtained after one of the treatments defined in Table 2 , the nitrogen content remaining in solution in the steel ([N ss ]) can be determined from the evaluation of the value of D(DS a,max ) and from the knowledge of the value of the P N coefficient. Taking into account the chemical composition of the steel, this coefficient can be estimated as being equal to 20 mV/(K · wt%). Owing to the uncertainties on the TEP measurements and on the value of P N , the nitrogen content in solution evaluated by TEP can be estimated as being known with a precision of Ϯ5 ppm. Lastly, it has to be noted that the time corresponding to the end of the segregation of the nitrogen atoms to the dislocations at 120°C which was determined in this work (Ϸ10 4 -10 5 s) is higher than that usually considered for the segregation of the carbon or nitrogen atoms to the dislocations at 120°C (Ϸ10 3 s). This observation is in agreement with the results of Ref. 3) which showed that in the case of the segregation of nitrogen, the chromium content of the steel has an influence on the segregation time of this element. When this content is higher than 0.5 wt%, the segregation kinetics of nitrogen to the dislocations is delayed, while that of carbon is unchanged.
IF Measurements
To complete the TEP measurements, internal friction (IF) measurements were carried out with an inverted torsion pendulum oscillating at 1 Hz. A heating rate of 60 K · h Ϫ1 was employed between 240 K and 340 K. At each temperature, the logarithmic decrement (dϭp·Q
Ϫ1
) of the specimens was measured. In steels, the damping is due to the Snoek effect which corresponds to the rearrangement of the interstitial atoms in the b.c.c. unit cell under the combined action of a cyclic applied stress and of the temperature.
In the binary Fe-N alloys, the decrement passes through a maximum (d max ) obtained at 297 K when the oscillation frequency is of 1 Hz. The internal friction spectra are thus characterised by one Snoek peak, the height of which is assumed to be directly proportional to the nitrogen content in solution of the steel. The proportionality coefficient depends on the grain size and on the texture of the steel.
In the ternary Fe-Cr-N alloys, the normal Snoek peak of nitrogen (at 297 K) is no longer detected and two extra peaks appear. One of them is at a lower temperature (Ϸ280 K) than the ordinary Snoek peak and the other is at a higher temperature (Ϸ315 K). This second peak is thus very close to the normal carbon Snoek peak which is at 313 K for a frequency of 1 Hz. It has to be noted that these results were observed by other authors 7) and were interpreted as being due to the possible interaction between the chromium and nitrogen atoms which may lead to the formation of Cr-N complexes. In these conditions, in the iron matrix, two populations of nitrogen atoms can be distinguished: one of them is constituted of single nitrogen atoms surrounded only by iron atoms and the other is constituted of nitrogen atoms in interaction with chromium atoms. These different populations could be responsible for the two peaks detected on the internal friction spectra. However, the accurate signification of each peak was not clearly established.
Nevertheless, in the Fe-Cr-N steels, the total nitrogen content in solution can be considered as being the sum of the contribution of each peak. The main problem is that the relative weight of each peak to the internal friction is not the same and is a function of the chemical composition of the steel. It is thus not known accurately and this makes the quantitative evaluation of the nitrogen content in solution by IF difficult. As a consequence, only qualitative information can be drawn from the internal friction technique.
TEM Observations
The TEM observations were performed on a JEOL-200CX microscope operating at 200 kV. The thin foils were prepared by electropolishing on a TENUPOL-STRUERS machine using a standard electrolyte (46 vol% methanol, 46 vol% monobutylic ether, 8 vol% perchloric acid). The following conditions were chosen: temperature of the electrolyte ϷϪ22°C, operating voltage: 30 V.
Results and Discussion

Formation of the Chromium Nitrides in the Steel
Submitted to the TA Treatments Figure 4 shows the TEP curves of the steel submitted to the different TA treatments simulating the precipitation of the CrN nitrides during a recrystallization annealing. These curves reflect the segregation to the dislocations of the nitrogen atoms remaining in solution after these treatments and were obtained according to the procedure described in Sec. 3.1.2.
After the treatments of "1 min at T H ϩ24 h at 270°C", the magnitude of the measured TEP variations gradually decreases when the temperature (T H ) is lowered from 850 to 650°C. This indicates that the amount of nitrogen atoms remaining in solution in the steel decreases when the temperature diminishes and subsequently that the precipitation is enhanced at the lowest temperatures of the considered temperature range. This is true as long as T H is higher than 650°C. Below this temperature, the tendency is reversed, indicating that a precipitation nose is expected at around 650°C.
As far as the treatments of "1 min at 800°C or 1 min at 850°Cϩ24 h at 270°C" are concerned, these two treatments lead to the same TEP kinetics and to the highest measured TEP variations. After these treatments, the nitrogen content in solution in the steel is thus high and could correspond to the total nitrogen content of the steel.
After the treatments of "15 min at T H ϩ24 h at 270°C", the same tendencies than those observed after the treatments of 1 min can be done. The main difference is that the TEP variations measured at the same temperature (T H ) decrease when the treatment time at T H increases. This is in agreement with the fact that the CrN precipitation is more pronounced for a longer treatment time. It has also to be noted that the curve corresponding to T H ϭ650°C was not represented in Fig. 4(b) . Indeed, it was considered in Sec. 3.1.2 that this curve is associated with a microstructural state of the steel with no nitrogen atoms in solution and this led us to choose this curve as reference curve.
In order to support the preceding results, the internal friction spectra of the steel submitted to different TA treatments were obtained (Fig. 5) . As explained in Sec. 3.2., they are characterised by two peaks due mainly to the presence of nitrogen atoms in solution. Their height gradually decreases as the temperature is decreased from 800 to 650°C. This can be attributed to a decrease in the nitrogen content in solution of the steel. These observations are thus in perfect agreement with the results deduced from the TEP technique.
As the general shape of the spectra is not strongly modified when the amount of nitrogen atoms in solution diminishes, this indicates that the different populations of nitrogen atoms in solution in the steel are probably eliminated from the solid solution at the same rate during the precipitation of the CrN nitrides.
Lastly, it has to be noted that after having treated the steel for "15 min at 650°Cϩ24 h at 270°C" (i.e. according to the reference treatment for which [N ss ] is expected to be equal to zero), the corresponding internal friction spectrum is almost flat (dϽ5.10 Ϫ4 or Qϳ10 Ϫ4 ). Knowing that the high temperature peak observed around 313 K in this state can be partly attributed to the residual carbon in solution in the steel, this spectrum is associated with a very low nitrogen content in solution (considered as being equal to zero) and confirms the hypothesis made in Sec. 3.1.2 that after the treatment of "15 min at 650°Cϩ24 h at 270°C", almost all the nitrogen atoms of the steel have left the solid solution to form CrN nitrides. This conclusion is also supported by the fact that a longer treatment time (4 h) at 650°C leads to the same IF spectrum as that obtained after the treatment of 15 min.
To conclude this study, Table 3 gives the values of the nitrogen content in solution evaluated by TEP after different TA treatments. It has to be noted that after the treatments of "1 min at 800°C (or 850°C)ϩ24 h at 270°C", the nitrogen content in solution evaluated by TEP is identical to the total nitrogen content of the steel given by standard chemical analysis. This supports the hypothesis that such treatments do not lead to the formation of CrN nitrides.
Submitted to the TB Treatments: Influence of the Pre-treatment of 1 min at 800°C on the Nitride Formation In order to investigate the influence of the pre-treatment of 1 min at 800°C on the CrN formation, the steel was treated for "15 min at 650°C or 750°Cϩ24 h at 270°C" with or without a pre-treatment of 1 min at 800°C. Figure 6(a) shows the corresponding TEP curves which reflect the segregation of the nitrogen atoms remaining in solution to the dislocations. They clearly provide evidence that the pretreatment at 800°C tends to delay the CrN precipitation at 650°C or 750°C, as the amount of nitrogen atoms remaining in solution is higher when the steel was held at 800°C before the precipitation treatment at 650°C or 750°C. This is particularly visible when the steel was treated for 15 min at 650°C.
In order to ascertain the preceding conclusions, the internal friction spectra of the steel treated for 1 or 15 min at 650°C with or without a prior holding at 800°C were obtained ( Fig. 6(b) ). They confirm the fact that the CrN for-© 2007 ISIJ Table 3 . Nitrogen content in solution (ppm) evaluated by TEP in the steel submitted to different TA treatments. The results are given at Ϯ5 ppm.
mation is promoted when the steel is treated directly at the precipitation temperature. In this case, one can consider that the CrN precipitation interacts with the recrystallization. Indeed, the dislocations present in the steel which was cold-rolled before the precipitation treatment could serve as nucleation sites for the CrN nitrides and enhance their precipitation. From the preceding results, one can conclude that the above-mentioned interaction is more marked at 650°C than at 750°C. This could be due to the fact that at 750°C, the recrystallization is probably more rapid than the precipitation, while at 650°C, the two phenomena occur almost at the same rate leading to a strong interaction.
Lastly, it has to be noted that the above-mentioned results are qualitatively confirmed by the TEM observations of the CrN nitrides in the steel treated for "15 min at 650°Cϩ24 h at 270°C" with or without a pre-treatment at 800°C (Fig.  7) . Indeed, the density of the CrN nitrides is much higher when the steel was treated directly at 650°C. This supports the idea that the precipitation is enhanced due to the interaction between the nucleation of the nitrides and the recrystallization.
Stability of the Nitrides Formed at 650°C
In order to study the stability of the nitrides formed at 650°C, the steel was treated for 15 min at 650°C to precipitate all the nitrogen atoms and it was then held for 15 s at 800°C. Lastly, a treatment of 24 h at 270°C was conducted in order to precipitate the carbon atoms in solution. Figure 8(a) shows that the TEP variations measured after having treated the steel for a short time at 800°C are much higher than those obtained without applying this treatment. As the measured TEP variations reflect the segregation to the dislocations of the nitrogen atoms in solution in the steel, this clearly indicates that the amount of nitrogen atoms in solution has increased during the holding of the steel at 800°C and this can be attributed to a partial dissolution of the CrN nitrides formed at 650°C. The nitrogen content in solution introduced in the steel at 800°C can be estimated from the value of D(DS a,max ) of the steel treated at 800°C. This value is of the order of 60 nV/K and corresponds to a nitrogen content in solution of 30 ppm, which is less than the total nitrogen content of the steel. The preceding results are supported by the internal friction spectra of the steel treated 15 min at 650°C with or without a subsequent treatment at 800°C (Fig. 8(b) ). These spectra suggest that the nitrogen content in solution has increased during the treatment at 800°C owing to the dissolution of the CrN nitrides formed at 650°C. This dissolution is partial as the height of the nitrogen peaks did no reach its maximum value after 15 s at 800°C.
As a conclusion, it appears that the CrN nitrides formed at 650°C are not stable at 800°C and tend to dissolve at this temperature. However, as can be deduced from the results given in Table 3 , a holding time of 15 min at 800°C leads to the precipitation of CrN nitrides. This means that during the holding at 800°C of the steel pre-treated at 650°C, a competition between dissolution and precipitation of CrN nitrides is expected to take place if the holding time is long enough. 
